very weak density that would accommodate another 3-4 extended residues, thus adding up to 1 0 1 the length of the tau repeats (31 aa). This finding strongly suggests that each segment of the 1 0 2 observed density is attributable to a single repeat. The fact that the 2Repeat, 4Repeat, and full- correspond to an average of the different repeats. The resolution for the tau density within these reconstructions (4.6-6.5 Å) is significantly 1 0 9 lower than that for tubulin (4 to 4.5 Å) (Fig. S2 ), which could be due to sub-stoichiometric 1 1 0 binding, flexibility, compositional heterogeneity (i.e. sequence differences between the repeats), 1 1 1 or a combination of these factors. Thus, we decided to pursue the structure of a synthetic tau 1 1 2 construct comprising four identical copies of R1 (R1x4) (Fig. 2) . The cryo-EM reconstruction of 1 1 3 the R1x4-MT reached an overall resolution of 3.2 Å (Fig. 2A, Fig. S1C ), with local resolution for 1 1 4 tau ranging from 3.7 Å to 4.2 Å (Fig. S2) . Again, tau appears as regularly spaced segments previous studies (5, 21) , the alternation of well-defined and weaker tau density indicates that tau has tightly-bound segments interspersed with more mobile regions. We built a poly-alanine 1 1 8 model into the best-resolved segment of the R1x4 tau density, at the inter-dimer interface, that 1 1 9 accommodated 12 residues. Prior studies showed that tau fragments as small as 18 amino Due to the lack of unambiguously identifiable large sidechains and the absence of 1 2 5 regular secondary structure, obtaining the correct sequence register for tau proved challenging. Therefore, we used Rosetta(23) as an unbiased approach to simultaneously assess the 1 2 7 energetics and density-agreement of potential tau sequence registers (see Methods). We and based on fit to density, and that included aa 256-267 (VKSKIGSTENLK) (Fig. 2B ). An same amino acid sequence and structure (Fig. S4) . The modeled segment corresponds to a 1 3 2 conserved 12 aa sequence motif that lies within the 18 aa fragment previously shown to be 1 3 3 sufficient to promote MT polymerization in vitro (4, 25) . In the proposed atomic model, conserved residues play critical roles in MT-tau interactions (Fig. 2C ). Ser258 and Ser262 form hydrogen Alzheimer's disease(27). Though Thr263 is also positioned to hydrogen-bond with Glu434, may not be essential. Conserved Lys259 is positioned to interact with an acidic patch on α- Ile265, Val435, and Tyr262 at the inter-dimer interface (Fig. 2C) . Asn265, universally conserved with the acidic α-tubulin C-terminal tail, and its basic character is conserved.
4 6
It was not possible to reliably model the peptide backbone beyond this 12-residue 1 4 7 stretch of the R1 tau density. We hypothesized that residues 242-255 lack ordered interactions 1 4 8 with tubulin. This region is rich in prolines in R1, in contrast to the distinct, conserved 1 4 9 hydrophobic pattern present in both R2 and R3 (Fig. 1A, S5 ). To further investigate whether the the inter-dimer interface ( Fig. 2 and S6A ), the R2x4 reconstruction has additional tau density
along the surface of β-tubulin. We modeled a stretch of 27 backbone residues into the R2x4 tau Rosetta-guided modeling as with R1, we refined all possible tau sequence registers. As with R1,
we discovered a single, strongly preferred register and conformation for R2 (Fig. 3B ) that was similarly robust when modeling with a more computationally intensive sampling protocol.
Importantly, the solutions for R1 and R2 corresponded to the same sequence register. At 1 6 1 equivalent positions at the inter-dimer interface, the R1 and R2 atomic models are virtually 1 6 2 identical (Fig. 3C) , with conserved residues sharing critical tau-tubulin contacts. For two non- ( Fig. 3C) , the nature of the interactions are preserved (free cysteines demonstrate strong 1 6 5 hydrophobic character(28) and Lys294 likely interacts with the acidic C-terminal tail (Fig. 4) ). The robustness of this solution, with the same sequence register and atomic details from two 1 6 7 independent maps, provides very high confidence that our sequence assignments -and the 1 6 8 resulting atomic details -are correct. The consensus register of our atomic models for R1 and 1 6 9 8 R2 is further supported by previous gold-tagging results, which localized MAP2 Lys368 (Fig. S6) 1 7 0 to the H12 helix in tubulin at the interface between tubulin subunits(14). In our atomic model, the 1 7 1 equivalent Gln276 of R2 maps to the intra-dimer interface at the C-terminal end of helix H12 in 1 7 2 β-tubulin (Fig. S6) , in excellent agreement with the labeling studies.
7 3
Additional residues in our R2x4 model include the peptide VQIINKK (not conserved in 1 7 4 R1), which had been previously shown to promote MT polymerization(25) and to bind independently of the conserved sequence that targets the inter-dimer interface(6). This R2 peptide localizes to the intra-dimer interface and is sufficiently close to interact with the β-tubulin 1 7 7 C-terminal tail (Fig. 4B ). Residues Val275, Ile277, Leu282 and Leu284 (Fig. 3D, 4B ) are buried while Lys281 is well positioned to interact with the β-tubulin C-terminal tail (whereas Lys280, 1 8 3 which had little effect on tau affinity, is not) (Fig. 4A) . Finally, the highly conserved His299 in R2 1 8 4 is buried in a cleft formed by β-tubulin residues Phe395 and Phe399 (Fig. 3C and Fig. 4A ).
8 5
We observe that the major tau binding site between tubulin dimers localizes to the and straight forms of tubulin (3JAR (16)) (Fig. 5, right) reveals that the tau-tubulin contacts at the through temperature-driven tubulin assembly-disassembly cycles. Although we could model most of the residues in a tau repeat, we could not clearly 1 9 5 visualize the highly conserved PGGG motif, which would correspond to the region connecting 1 9 6 the modeled segments. A prior study reported a β-turn structure for the PGGG motif(13).
9 7
However, the construct utilized in that study contained PGGG at the N-and C-termini, and it is residues. Recent findings suggest that the PGGG motif may play a role when bound to Tau is an important cellular factor required for specialized MT arrangements, and it has 2 0 2 been long debated how tau may cross-link MTs to form higher order structures. Our results if one or two of the repeats were used as "spacers", then tau would possibly be able to reach between our full-length and shorter tau construct reconstructions. In summary, our MT-tau structures lead to a model in which each tau repeat spans both 2 1 6 intra-and inter-dimer interfaces, centered on α-tubulin and connecting three tubulin monomers. In the context of full-length tau, repeats are likely to bind one after the other in tandem along a previously studied gold-labeled tau(14) is indicated with a gold arrowhead (see also Fig. S6 ). terminal tail. MT protofilament. Notice that we do not observe strong density for the region that would 
